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ABSTRACT 
 
Wavelet Analysis for detecting damage in structures is evaluated in the present 
paper. The methodology for detecting damage consists in obtaining the acceleration 
response at different locations along the beam before and after damage. Then, mode 
shapes of the structure are obtained and Wavelet Analysis is applied to detect changes 
in mode shapes. Dynamic simulations of Euler Bernoulli cracked beams were also 
carried out. These simulations tried to take into account the conditions that data would 
be obtained in real structures. Effects of severity of damage are investigated. Results 
show excellent detection of damage in ideal situations; however, this method is too 
sensitive to inaccuracies in experimental data. 
 
 
INTRODUCTION 
 
Everyday, civil engineering structures are closer to their service life and some 
structural damage can be expected.  For this reason, there is a growing interest for 
developing techniques for detection of incipient damage. Health Monitoring System 
(HMS) has emerged as the group of strategies to monitor, detect, assess and make 
subsequent maintenance decisions. The main idea of HMS consists in monitoring the 
dynamic response of the structure and to process this information using some 
analytical methods for detecting damage. Many methods for detecting damage using 
vibration response have been proposed. Those methods compare dynamic 
characteristics of the structures such as natural frequencies, mode shapes and damping 
ratios. A review of those methods was carried out by Sohn et al [1]. 
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One of the most promising techniques for detecting damage is based on Wavelet 
Analysis. In this method it is not necessary to have either a non-damaged structure or 
the numerical differentiation of the dynamic response. In the beginning, this method 
was used for gear fault detection in mechanical engineering. Liew et al [2] were the 
first to apply the Wavelet Analysis for detecting damage in civil engineering structures 
considering the mode shapes of cracked simply supported beam obtained for 
modifying its stiffness matrix. Trying to improve this technique, Hong et al [3] 
presented a method based on Continuous Wavelet Transform and Holder Exponent. 
The severity of damage using Wavelet Analysis was obtained for the first time with 
this method. In the same way, Douka et al [4] tried to obtain the severity of damage 
using the Wavelet Modulus Maxima and they proposed the intensity factor which 
relates the size of the crack and the wavelet coefficients. Other procedure for damage 
identification is using Wavelet Packet. Chang et al [5] proposed a method which 
consists in the decomposition of the dynamic response into wavelet packet 
components; the energy for certain components and level of decomposition are 
obtained for all the measuring points.  
In the present paper, a method for detecting damage using Wavelet Analysis was 
proved. Dynamic simulations of simple structures with multiple cracks were obtained. 
Several severities of damage were evaluated. In this particular case, a simply 
supported beam with multiple cracks was considered. Damage identification was 
performed using the mode shapes of cracked beams. 
 
 
FUNDAMENTALS OF WAVELET ANALYSIS FOR DAMAGE DETECTION 
 
We define wavelets as functions that contain waves which drop to zero after some 
oscillations. These functions have one independent variable; for analysis of damage 
detection it can be space x or time t. The function with these characteristics is called 
“mother wavelet”. Different sets are generated from this mother wavelet translated by 
b and dilated by a being the function as follows in equation (1): 
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The main idea of this Analysis is based on Continuous Wavelet Transform (CWT) 
which is the sum over all the time the convolution of the wavelet by the analyzed 
function. Its mathematical representation is depicted in equation 2. 
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The results of this transformation are called wavelet coefficients and show how 
well the function correlates with the signal. It has been found that damage due to a 
sudden loss of stiffness and the moment when it occurs, creates wavelet coefficients 
with large amplitudes like a spike or an impulse. This procedure is the base of the 
Wavelet based damage detection.  
DYNAMIC SIMULATIONS OF CRACKED BEAM STRUCTURES 
 
Before applying Wavelet Analysis to experimental results, dynamic simulations of 
beams structures were performed. A computational program was developed to obtain 
the dynamic response of cracked beam structures. The modeling approach is based on 
the Christides and Barr theory using the simplification proposed by Sinha [6] and 
consists in Euler Bernoulli elements with modification in the local flexibility near to 
the crack. It was assumed that the cracks are opens with uniform depth across the 
width of the beam and that they do not modify the mass of the beam. Changes of the 
neutral axis near to the cracks were not considered. The local effect of the cracks over 
the stiffness, EI, according to Christides and Barr [7] is given by: 
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where  C=(Io –Icj)/Icj, Io is the second moment of areas of the undamaged beam, 
Icj= is the second moment of area of the damaged section in the location of the jth 
crack, b and d are the width and the depth of the undamaged beam, dcrj is the depth of 
the jth crack. E is the Young’s Modulus; α is an experimental factor whose value  is 
equal to 2.267 which was obtained fitting the cracked natural frequencies of 
experimental tests presented by Chondros and Dimarogonas [8]. 
For simplification, variation of stiffness into the element was considered linear.  
The stiffness matrix of each Euler-Bernoulli element found using finite element 
method is: 
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where EI1 is the stiffness evaluated with the equation (3) in the first node of the 
element, le is the length of the element and m is the difference between the stiffness of 
the first and second node of the element divided for its length. 
Global stiffness matrix was calculated assembled the individual stiffness matrices. 
Mode shapes and their corresponding natural frequencies were obtained finding the 
solution of the eigenvalue problem for a free vibration of multiple degree of freedom 
(MDF) systems.  
 
 
 
 
 
 
RESULTS 
 
This section presents the results of the Wavelet Analysis applied to the dynamic 
response of a simply supported beam (SSB). Two different cases were carried out. The 
first case consisted in simulations to obtain the mode shapes of undamaged and 
damaged beams and localize the damage using CWT in the finest scales. The second 
case tried to obtain experimental mode shapes of the same SSB using Operational 
Modal Analysis and apply CWT for the detection of damage. The mother wavelet 
Daubechies db4 was used for the Wavelet Analysis in both cases. 
The beam is made from steel and its geometric properties are: Young’s Modulus, 
E=210x106 KN/m2, mass density, ρ=7800 kg/m3, cross section IPE100 (Eurocode) 
with Area, A=10.33x10-4 m2 and second moment of area, I =14.32x10-8 m4 in the 
direction of analysis (weak direction). In Figure 1 the geometry of the beam is 
depicted. The Length and cross section of the beam were subordinated to give a first 
natural frequency (4.7 Hz) as similar of bridges of short and medium length, for 
instance, 2-10 Hz. For all the scenarios evaluated only the three first mode shapes 
were taken into account. 
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Figure 1. Geometry of the simply supported steel beam 
 
Three different damage patterns were evaluated. All the damages over the beam 
were open uniform cracks in the bottom side of the beam. Depths and locations of the 
cracks for all the damage patterns are shown in Figure 2. 
Damage pattern A is a single crack of 10 mm depth located in the middle length of 
the beam. It tries to represent a light damage over the structure. 
Damage pattern B is three cracks of 10 mm depth which involves damage pattern 
A and cracks defined as B in Figure 2, 
Damage pattern C is seven cracks of 10 mm depth considering cracks A, B and C 
defined in figure 2. It can be considered as a severe damage. 
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Figure 2. Location of the cracks for different damage patterns. 
 
Damage Detection using Mode Shapes obtained from Simulations of Cracked 
Beam Structures 
 
Wavelet Analysis using CWT in finest scales were applied to mode shapes for the 
three damage scenarios already described. This methodology of damage detection was 
evaluated considering 101 points obtained for spline interpolation of the 15 measuring 
points shown in Figure 1. 
Figure 3 presents the results of this case. Damage was identified in the affected 
zones by several peaks. However, false detection for the undamaged case with spikes 
outside to the damage zone was obtained. The principal reason for this false detection 
is because CWT is too sensitive to small changes in the analyzed signal; therefore, 
small inaccuracies during interpolations among the 15 points would give false 
detections. 
This last problem would be solved using some techniques for detecting damage 
that compare undamaged and damaged situations. Several methods have already been 
proposed, but one of the most successful procedures is the Damage Index (DI) 
Method, Stubbs et al [9]. DI method is the comparison between square mode shape 
curvatures between undamaged and damaged conditions. If we consider CWT 
coefficients instead of mode shape curvatures, we obtain: 
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where βcij, is the damage index method, Cij and Cij* are the coefficients of the 
CWT for the scale number 2, for the mode i and the joint j for the undamaged and 
damaged case respectively.  
Figure 4 presents the results of the damage index method applied to CWT 
results. Damage identification was possible in all the damage patterns; furthermore, 
the severity of damage is related with the magnitude of this index. 
 
Experimental Study on a Simply Supported Steel Beam 
 
To verify the results obtained in the numerical simulations, an experiment on a 
steel beam with the same characteristics given for the numerical simulations and 
shown in the figure 2 was carried out. For the experiments, three accelerometers and a 
box acquisition system B&K were used. A reference accelerometer was located in 
node 3 and it was necessary 7 sets to cover the 15 measuring points. Ambient 
excitation was considered in all the experiments. Experimental mode shapes were 
obtained with Artemis software which considers two alternatives for modal 
identification. Peak Picking Technique and Stochastic Subspace Identification. 
Experimental mode shapes with 15 measuring points were interpolated for 101 
points using spline interpolation. 
 
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
-3
-2
-1
0
1
2
x 10-5
Length (m)
C
W
T 
db
4
Without damage
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
-3
-2
-1
0
1
2
3
4
x 10-5
Length (m)
C
W
T 
db
4
Damage pattern A
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
-4
-2
0
2
4
6
x 10-5
Length (m)
C
W
T 
db
4
Damage pattern B
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
-2
0
2
x 10-4
Length (m)
C
W
T 
db
4
Damage pattern C
mode1
mode2
mode3
mode1
mode2
mode3
mode1
mode2
mode3
mode1
mode2
mode3
 
Figure 3. Detection of damage using 101 measuring points obtained from spline 
interpolation of 15 measuring points 
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Figure 4. Damage Index method applied to CWT results in figure 3. 
 
 
 0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
-2
0
2
x 10-4 Without damage
Length (m)
C
W
T 
db
4
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
-2
-1.5
-1
-0.5
0
0.5
1
1.5
x 10-4 Damage pattern A
Length (m)
C
W
T 
db
4
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
-1.5
-1
-0.5
0
0.5
1
1.5
x 10-4 Damage pattern B
Length (m)
C
W
T 
db
4
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
-2
0
2
x 10-4 Damage pattern C
Length (m)
C
W
T 
db
4
mode1
mode2
mode3
mode1
mode2
mode3
mode1
mode2
mode3
mode1
mode2
mode3
 
Figure 5. Detection of damage in experimental mode shapes using CWT. 
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Figure 6. Damage Index method applied to CWT results for experimental data. 
Figure 5 presents the results of detection of damage for experimental mode 
shapes. CWT fails to detect damage principally because many peaks are present in all 
the damage patterns including the case without damage.  
Figure 6 shows the results of applying DI method to the CWT results obtained in 
figure 5. Results from mode 3 show multiple false detections, modes 1 and 2 also have 
spikes in locations without damage. The main reasons for this problem are little 
inaccuracies caused by noise during the acquisition of dynamic response which can be 
considered by CWT as singularities and give false detections. 
 
 
CONCLUSIONS 
 
Wavelet Analysis methods for detection of damage using CWT were applied to 
numerical simulations and experimental data of a simply supported steel beam. The 
conclusions of this study are: 
Damage detection using CWT can provide false damage detection when limited 
numbers of measuring points are used. Changes caused by methods of interpolations 
or during acquisition of dynamic response can be identified as singularities for CWT 
and produce spikes and in consequence false detection. 
Damage Index method was successful to detect damage when numerical data was 
evaluated. However, when this method was applied to experimental data, false 
detection was obtained. This problem was caused by inaccuracies during the process 
of acquisition of the dynamic response. 
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